I Introduction
The evolutionary fate of savannas has often been of apparently less concern than that of tropical forests. However, fl uxes in the forest cover have frequently been associated with movements of the forest-savanna boundary and often relate to the evolutionary history of savannas. One of the features of recent research has been the use of complementary proxy measurements to cross-check vegetation change and reconstructions based on palynology, and the further refinement of dating techniques to anchor such changes in time more precisely. There has also been increasing interest in the importance of fi re frequency and changing CO 2 levels in determining the balance between savanna and forest ecosystems. This overview will fi rst consider the considerable spate of publications on Amazonia, and then examine links that have been made with Africa and with Central America. Finally, there is a discussion of a number of related aspects including longterm change, animal impacts on vegetation, and more recent historical infl uence.
II The Amazonian region and associated studies
The palaeohistory of the Amazon region has been characterized by a number of fi rmly held theories, which have been presented as opposites but which may often be interpreted as complementary (Hooghiemstra and van der Hammen, 1998) . The sheer size of the region in comparison with the number of sites studied has encouraged the development of numerous models that may be appropriate for part of the area. The refuge theory proposes that extensive tracts of humid forest existed as remnants during dry periods in the late Tertiary and the Quaternary, especially in peripheral areas and along watercourses where it is suggested that many extant species and subspecies of plants and animals originated (Haffer and Prance, 2001) . The original idea suggested that a number of widespread forest remnants or refugia were scattered throughout the basin, where the evergreen moist forest (Hylea) was replaced by more open formations. The proponents of this theory maintain that biogeographic evidence *Author for correspondence. Email: paf@geo.ed.ac.uk 634 Progress in Physical Geography 31(6) for the former existence of forest refugia can be found in zones of endemism and sharply defined contact zones between species, especially some animal groups representing conspicuous biogeographic discontinuities. The idea that refuges are associated with periods of increased aridity, proposed by van der Hammen and his co-workers among others (van der Hammen, 1974; van der Hammen and Hooghiemstra, 2000) , has been dismissed by Colinvaux and his colleagues in a series of articles (see, for example, Colinvaux and de Oliveira, 2001; Colinvaux et al., 2001) . Colinvaux argues that there is no evidence for an arid environment throughout the late Tertiary and the Quaternary and that pollen data indicate biome stability with no expansion of savanna vegetation during glacial periods. He suggests that the evidence from vegetation response to lowered temperatures, lower CO 2 and fl uctuating dry seasons resulted only in population changes within plant communities without major biome replacement and that habitat diversity provides sufficient vicariance for alternative evolutionary models. Mayle and Beerling (2004) and Mayle (2006) support the view that Amazonia remained predominantly forested at the Lateglacial Maximum, although fl oristically and structurally different from today. The widely scattered seasonally dry tropical forests (SDTF) may represent the fragmentary remnants of a previously more extensive formation that expanded during the colder, drier conditions of the Lateglacial Maximum (Anhuf et al., 2006) , although other authors have concluded that the SDTF is a relatively recent formation (Mayle, 2006) . Mayle (2006) argues that the evidence points to long-range dispersal of the SDTF rather than contraction of a previously widespread formation. The frequency of the grass family (Poaceae), which is often cited as indicative of drier periods, is argued by Bush (2002) to refl ect the multitude of wet and seasonally fl ooded sites within Amazonia, although very high abundances might well indicate savanna conditions. De Toledo and Bush (2007) emphasize the importance of aquatic grass pollen and charcoal in the fossil record and point to the changes occasioned by variations in the size of fl ooded basins, particularly around lakes.
Whether or not the central Amazonian Hylea was disturbed by climatic change, variations in the vegetation cover are more evident at the eastern and southern fringes (Mayle and Beerling, 2004) and at the western Andean fringes (Mayle et al., 2007) with the exception of the core, continuously wet zone in northwestern Amazonia. This has been modelled by Sternberg (2001) (Mayle and Beerling, 2004) and Atlantic forest (Behling and Negrelle, 2001; Behling et al., 2007) . Burbridge et al. (2004) consider that pollen and charcoal records from shallow lakes in northeastern lowland Bolivia were covered by savannas and seasonally dry deciduous forests over most of the last 50 000 years, although the forest-savanna ecotones were highly heterogeneous with different Holocene histories (Mayle et al., 2007) . Moist evergreen forest gradually expanded to cover the area in the later Holocene (past 6000 years) becoming the predominant life form only over the last 2000 years. In savanna areas such as the Colombian Llanos, changes in the location of gallery forests advancing or retreating from streamlines has also been a clear indicator of dynamic change at the forest margins (Wille et al., 2003) . Multiproxy analyses from the same site (Velez et al., 2005) also indicate alternate wetter and drier conditions, probably associated with movements of the Intertropical Convergence Zone (ITCZ; see also Hooghiemstra and van der Hammen, 2004; Velez et al., 2006) . Conditions in the early Holocene were apparently generally drier than in the middle and late Holocene. The oscillations in plant communities are well demonstrated from pollen records in the eastern Llanos and Colombian Amazon (Berrio et al., 2002; . The interplay between the ITCZ and the South Atlantic Convergence Zone (SACZ) in relation to the emergence of modern cerrado in northeastern Brazil is discussed by Ledru et al. (2006) . They provide pollen evidence for an insolation-driven dry early Holocene with open savanna expanding from about 11 000 cal. BP, dominating by about 7500 cal. BP. The more recent expansion of the evergreen forest has been documented earlier (see, for example, Ratter, 1992) and seems to be a widespread phenomenon associated with greater convective activity over Amazonia, and greater seasonality of insolation in the tropical regions of the Southern Hemisphere driven by the Milankovitch cycle.
Several studies using carbon isotopes of soil organic matter (SOM) have also lent support to the fluctuating forest-savanna boundary (see Gouveia et al., 2002; Sanaiotti et al., 2002; Pessenda et al., 2004) , though isotope studies on bulk material without supporting palynological evidence should be treated with caution. De Freitas et al. (2001) and Pessenda et al. (2001) evaluated the chronology of vegetation change in southwestern Brazil and interpreted the results as showing forest cover in the early Holocene to around 9000 years ago and then an expansion of savanna until around 3000 years BP when the forest returned. A soil C isotope study from sites around the lake studied by Ledru et al. (2006) supports pollen-based reconstructions (Pessenda et al., 2005) .
III African savannas
Comparable studies in Africa and elsewhere in the tropics are more scattered and difficult to tie in with South American results. A number of recent papers have, however, attempted to relate records from the two regions: Marchant and Hooghiemstra (2004) and Anhuf et al. (2006) based on multiple proxies, and Sifeddine et al. (2004) based on C isotopes in bulk lake sediments. These have served to highlight important differences between the two regions in response to the same global-scale forcings. In West Africa, the patterns of vegetation over the Late Quaternary are described by Salzmann et al. (2002) . In northeastern Nigeria they provide a 17 000-year multiproxy record showing dry conditions throughout the late Pleistocene and an increase in Guinean and Sudanian tree taxa into open grass savanna from the onset of the Holocene. Dense Guinean savanna was established around 8500 to 700 years ago (associated with high lake levels and inferred high rainfall). The vegetation was maintained as dense savanna by frequent fires. Aridification increased after about 4000 years ago. Salzmann and Hoelzmann (2005) showed from pollen evidence that the Dahomey Gap, a savanna corridor interrupting the West African moist evergreen forest in Benin, did not exist in the mid-Holocene although it had developed at the end of the Pleistocene. Subsequent oscillations of the forest-savanna mosaic refl ected the changing environmental conditions leading to the present-day open savanna. Although these authors argue that the changes in vegetation are essentially a result of climatic change, Heinrich and Moldenhauer (2002) also indicate that anthropogenic effects can be detected in their studies of geomorphology and pedology in the West African dry savannas. In the Central African Republic, Runge (2002) used stable carbon isotope analysis of alluvial sediments to reconstruct change over the last 8000 years. He identifi ed shifts from forest to savanna dominance, with savanna dominating around 5000 BP and since 1000 BP. His fi ndings were in broad agreement with lake level reconstructions from Lake Chad. In the eastern Sahara, Haynes (2001) has examined climate change over the Holocene from geoarcheological evidence and proposes a pluvial period at the end of the Pleistocene (Younger Dryas) generating a semiarid savanna which lasted until around 5000 years ago when hyperarid conditions returned. A similar record in the same region (Bubenzer and Riemer, 2007) indicated a Holocene optimum from c. 9500 BP to the beginning of a drying trend around 6300 BP. In East Africa, Lamb et al. (2003) present pollen and proxy data over 1000 years with a 15-year resolution from Lake Naivasha, Kenya. The record shows a clear relationship between plant communities and inferred rainfall changes, with grasses predominating in dry periods and woody Afromontane species becoming important in higher rainfall spells. Lamb et al. (2004) investigated Holocene climate change and vegetation response in A the Ethiopian Rift Valley from C/N ratios and ∂
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C values in lake sediments. From 8840 to 2500 years ago, input to the lake was predominantly from woody plants, despite a known arid period at around 7800 BP, and it is interpreted to indicate that woody plants are able to survive prolonged dry periods. On the other hand, further west in the Central Africa, Maley (2002) cites evidence for catastrophic destruction of the forest and a rapid expansion of savanna around 2500 BP. From stable isotope data (∂ 13 C), Runge (2002) found evidence of drier conditions in the Central African Republic at around 5 ka and 1 ka with greater extents of forest from 7 to 7.5 ka and 2.5 to 3 ka. This is based on detailed history of two plant species: the oil palm (Elaeis guineensis) and Okoume (Aucoumea klaineana). The dramatic changes are interpreted as a result of changes in marine sea surface temperatures affecting climate change and particularly the central African monsoon. To the south of this area, in northern Namibia, evidence of Holocene change is found in fossil soils (Eitel et al., 2002) . The authors point to the presence of soil types (Kastanozems) reflecting more open savanna formations than the shrub and thorn bushlands found at present. The soils representing the earlier climate and landscape had been buried by erosion from agricultural expansion over the past two centuries. Changes in the type of savanna are also implied in the work of Scott (2002) in South Africa from a study of microscopic charcoal fragments reflecting fire history of the area. Although there is a broad agreement across very large areas, there are clearly problems in trying to reconcile detailed vegetation histories over such a large region and, as Gillson (2004) and Gillson et al. (2004) have observed, tree abundance may well vary according to spatial scale.
IV Middle America
Whereas the studies in South America and Africa represent continuous continental regions, research in Middle America refl ects the complex vegetation histories that result from intricate land-sea interactions, links between the Neotropic and Nearctic fl oras and faunas and a great variety of landforms found within relatively small areas. Patches of savanna can be found throughout Central America, fi rst as lowland forms, often associated with coarse-textured soils of low fertility or with seasonally flooded (hyperseasonal) conditions, and second over more elevated landforms where they are again associated with poorer soils but are usually well drained. The forest-savanna boundaries have also been affected by human disturbance particularly over the past 2000-3000 years. These different pressures, combined with climatic change over the Holocene, have resulted in vegetational histories that seem to have differed at different locations. A useful overview is given by Hillesheim et al. (2005) , dealing with climatic changes in lowland Central America over the late Pleistocene and early Holocene. The transition from dry glacial to moist early Holocene is inferred from sediment cores taken in northern Guatemala (Lake Peten Itza). Forest cover seems to have been well established by around 11 250 cal. yr BP, but was then succeeded by at least four very distinct wet and dry cycles. These dry events have been correlated with other records in the Gulf of Mexico and circumCaribbean and appear to present a coherent response to climate change. Over historic time, the successes or failures of indigenous groups have also been linked to fl uctuations in moisture. For example, Hodell et al. (2001) conclude that a significant component of variability in Yucatan droughts can be explained by solar forcing and that some of the maxima in a 208-year drought cycle can be linked to discontinuities in Mayan activities. Some of these effects have been associated with global climatic changes such as the Little Ice Age, which is argued to be coincident with the drier climate of the Yucatan in the fi fteenth century AD at the onset of this period (Hodell et al., 2005) . Even within this small area, however, there are localized exceptions which may refl ect local favourable sites next to more assured water supplies (Piperno and Jones 2003; Metcalfe et al., unpublished data) . The typical Central American savannas however, appear to be linked to seasonal climate and unfavourable environments for forest growth and not a result of human disturbance, though there is evidence that some pre-Columbian inhabitants did suppress tree and shrub growth in some areas by frequent burning, maintaining more open vegetation (Dull, 2004) .
V Long-term vegetational history and theories of co-evolution
Several aspects of vegetation history bear on these issues. Long-term evolutionary histories provide a helpful context going back to the rise of C 4 photosynthetic mechanisms in the mid-Tertiary (20-30 Ma) and a nearexplosive increase in the late Miocene (Keeley and Rundel, 2003; Osborne and Beerling, 2006) . These increases have been ascribed to increasingly seasonal climates or alternatively to declining CO 2 levels in the atmosphere probably associated with increasing wildfi res which characterize savanna formations today. Bond et al. (2003) have emphasized the importance of both low CO 2 and fi re in the spread of grasslands and savannas, but not through the usually invoked mechanism of changes in C 4 /C 3 photosynthetic pathways. Using a dynamic vegetation model, they propose that low CO 2 slows the regrowth of young trees after a fi re suffi ciently to allow grass species to outcompete forest. They report that their modelling results are consistent with pollen and charcoal records of vegetation change in southern Africa. This approach has been extended (Osborne and Beerling, 2006) in the context of the global expansion of savannas in the late Miocene (see above). An analogous long-term vegetation chronology has been suggested for Africa by Caujape-Castells et al. (2001) , based on cpDNA variations of an indicator species (Androcymbium Willd., Colchicaceae). The authors studied 39 populations from southwestern to northern Africa to assess the historical biogeography of the genus. They argue for a movement northwards prior to the desiccation of much of Africa in the Miocene, an improvement in the late Miocene, and expansion of a woodland savanna in the north which gradually became more Saharan with greater aridity. These northern populations experienced expansions, fragmentations and local extinctions in response to the climatic shits of the Pliocene-Pleistocene. This type of research using DNA tracking of target species is likely to offer many new insights into vegetational history.
Recent publications on Holocene vegetation changes linked to animal ecology provide an opportunity for comparing the two lines of research and to investigate coevolution. Cristoffer and Peres (2003), for example, examined the impact of herbivores on vegetation and how this has generated different ecological and evolutionary pathways between the New and Old World tropics. Though they consider evidence mostly from forest areas, they make the essential point that the Neotropics are characterized by numerous small herbivores and larger arboreal vertebrates, larger fruits and different patterns of fruit and fl ower dispersal compared to the greater biomass densities of much larger herbivores in the Palaeotropics. De Vivo and Carmignotto (2004) compared the vegetation and faunal histories from the late Pleistocene in South America and Asia and comment on the similarities in vegetation but very dissimilar faunas, both from the point of view of taxonomy and also from faunal patterns. They consider the evidence for vegetation change at the Lateglacial Maximum and the Holocene climatic optimum environments. They postulated that the distinctions between the two continents in terms of animal taxonomy, the number of medium and large species, animal behaviour and herbivory generated biogeographical patterns that evolved which were mostly related to open formations. They argue that the midHolocene was a time of greater humidity and that the vegetation cover would have been commensurately more dominated by forest or closed vegetation formations at lower altitudes. They attribute the loss of the larger animals in South America to the decrease of open vegetation and their survival in Africa to the retention of vast savanna areas in formerly more arid regions.
The role of human activity, specifically burning, in generating or maintaining the savanna biome, remains an area for lively debate, particularly in South America. Though current concerns have been focused on modern vegetation clearance, it is increasingly evident that pre-Columbian peoples manipulated their environment, sometimes favouring forest, but more often encouraging savanna vegetation. Rull (2007) reviews the origins of apparently anomalous treeless savanna in the Gran Sabana in southeastern Venezuela. He suggests that fires became regionally significant only after the establishment of treeless savanna in the early Holocene and, based on current archaeological evidence, precludes humans as a factor. In contrast, de Toledo and Bush (2007) , working at two sites in Brazilian eastern Amazonia, find evidence for human impacts over the last 7000 years. An increase in fire frequency (attributed to humans) is coincident with vegetation change, and the authors suggest that humans may have played an important role in allowing savannas to expand in this region and to persist, particularly in the ecotonal forest fringes, even although the regional climate became wetter after a midHolocene dry interval.
VI Conclusions
The study of changes in savanna and seasonally dry forest environments over time remains dominated by palynology, but interpretations of these pollen records have become more nuanced through the inclusion of other proxy data, notably charcoal abundance and C isotope analysis. The complex, mosaic-type distribution of these biomes evidently refl ects a range of forcing factors, not simply wetter or drier climates over time.
Changes in water balance, fire frequency (natural or anthropogenic) and CO 2 levels have all played a part and their relative importance may vary from place to place. The dominance of literature from the tropical lowlands of South America reflects the burgeoning of pollen-based studies across this area. There is still a need, however, to integrate other types of proxies to improve our understanding of what drives vegetation change. Many of these additional proxies will come from palaeolimnology rather than traditional palaeoecology and will include the study of other types of microremains (eg, diatoms, phytoliths, grass cuticles), applications of different stable isotope methodologies (eg, compound specifi c C isotopes, isotopes of nitrogen and silica) and more use of mineralogy and elemental analysis. It is also evident that the limited understanding of settlement histories in many parts of the tropics further restricts the separation of climatic and anthropogenic factors.
Better understanding of what determines the distribution of savannas and seasonally dry forests is important not only to interpret past change, but also to protect these biomes into the future. Satellite imagery allows us to see how vegetation changes almost at will, but provides little explanation of why these changes occur. Anthropogenic climate change over the next few decades is likely to impose increased stresses on these ecosystems. Increased variability, the predicted reduction in precipitation in subtropical areas (IPCC, 2007) , increased temperatures and higher CO 2 are likely to have a significant combined effect. Compounded by the continuing growth of the human population and changing production patterns (eg, increasing demand for biofuels), managing and conserving these systems will be a significant challenge (Beerling and Osborne, 2006 
